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We present the first observation of Landau-Zener-Stu¨ckelberg (LZS) interference of the dressed
states arising from an artificial atom, a superconducting phase qubit, interacting with a microwave
field. The dependence of LZS interference fringes on various external parameters and the initial state
of the qubit agrees quantitatively very well with the theoretical prediction. Such LZS interferometry
between the dressed states enables us to control the quantum states of a tetrapartite solid-state
system with ease, demonstrating the feasibility of implementing efficient multipartite quantum logic
gates with this unique approach.
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The energy level diagram of quantum systems, such
as atoms and nuclear spins, may exhibit avoided level
crossings as a function of an external control parameter,
as shown in the inset of Fig. 1(a). If one varies the
external control parameter to sweep the system across
one of the avoided level crossings back and forth, the
quantum states evolving along the two different paths
will interfere, generating the well-known Landau-Zener-
Stu¨ckelberg (LZS) interference [1], which was originally
observed in helium Rydberg atoms [2]. Recent progress
in solid-state qubits has stimulated strong interests in
LZS interference in superconducting qubits [1, 3–11] and
other systems [12, 13]. However, most of the previous
work was performed in simple systems having avoided
level crossings in their energy diagrams. Since monochro-
matic electromagnetic fields have been extensively used
to control quantum states, for both theoretical curios-
ity and practical significance it is interesting and im-
portant to know whether LZS interference can be real-
ized and observed between the dressed states [14], gen-
erated from the interaction between photons and atoms
or even macroscopic quantum objects such as supercon-
ducting qubits [15–17]. The latter interaction is opening
a new field named circuit quantum electrodynamics (C-
QED) [18–20]. Although creating avoided crossings with
dressed states of a Cooper pair box has been proposed
[6, 21], no evidence of LZS interference has been reported
so far.
In this letter, we report the first observation of LZS
interference of the microwave dressed states of a super-
conducting phase qubit (SPQ) [22] by using nanosecond
triangle pulses to sweep the system across the avoided
crossing between the microwave dressed qubit states. We
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show that the observed oscillations in the SPQ’s occupa-
tional probability are the result of LZS interference. Fur-
thermore, we develop a theoretical model based on the
microwave dressed states that quantitatively reproduces
the dependence of LZS interference fringes on the sweep
rate, the microwave power, the microwave frequency, and
the initial state of the qubit. Since these external param-
eters can be controlled precisely in the experiments, LZS
interferometry of the microwave dressed states may pro-
vide a new approach to improving the speed and fidelity
of quantum information processing.
One form of the SPQ is based on the rf-SQUID,
which consists of a superconducting loop interrupted by
a Josephson junction as shown in Fig. 1(b). The super-
conducting phase difference ϕ across the junction serves
as this macroscopic quantum object’s dynamic variable.
Such “phase particle” has a discrete eigenenergy spec-
trum which is a function of the external flux bias. When
properly biased, the ground and first excited states in one
of the potential wells act as |0〉 and |1〉 of the qubit [22],
respectively. Fig. 1(a) shows the measured spectroscopy
of the SPQ used in the experiments. Setting ~ = 1,
the level spacing between |1〉 and |0〉, ω10 = ω1 − ω0,
decreases with the external flux bias due to the anhar-
monicity of the potential well. Ideally, one expects that
ω10 would be a continuous function of the flux bias. How-
ever, three avoided crossings with splittings 2g1/2pi= 60
MHz, 2g2/2pi = 22 MHz and 2g3/2pi = 46 MHz, near
16.45 GHz, 16.21 GHz, and 16.10 GHz, respectively, re-
sulting from the couplings between the qubit and micro-
scopic two-level systems (TLSs) [22, 23] were observed.
Although the microscopic origin of TLSs and the mech-
anism of their interaction with qubits are still unclear
and difficult to control, their quantum nature has been
explored for quantum information applications such as
quantum memory [24] and qubit [11, 25].
The experimental procedure to realize and observe LZS
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2interference between the microwave dressed qubit states
is depicted in Fig. 1(c). The qubit initialized in |0〉 and
dc biased at Φi. Then a microwave pulse of width tmw
was applied, which generated a set of dressed states. The
microwave frequency ω was chosen to be greater than ω10
at Φi. The intersecting of the dressed states |0, n+1〉 and
|1, n〉 produced an avoided crossing. At the same time,
a concurrent triangle pulse of width tΛ = tmw was used
to sweep the system’s instantaneous flux bias from Φi to
ΦLZS and then back to Φi. After turning off the trian-
gle pulse, the population of the qubit state |1〉, P1, was
measured. Then we repeated the above process with dif-
ferent values of ΦLZS and tΛ to obtain a plot of P1 versus
ΦLZS and tΛ as shown in Fig. 2(a). (Note that in Fig.
2 and Fig. 3, ΦLZS is measured with respect to Φi.)
For ΦLZS < Φr, where the microwave was resonant with
ω10, the system could not reach the avoided crossing, and
thus there was no Landau-Zener (LZ) transition and LZS
interference. When the amplitude of the triangle pulse
was increased to ΦLZS > Φr, striking interference fringes
appeared. The positions of these interference fringes in
the ΦLZS − tΛ plane were nearly independent of the mi-
crowave power (Fig. 2(b) and Fig. 2(c)) but dependent
on the microwave frequency (Fig. 2(d)). When ω de-
creased, Φr moved closer to Φi as expected according to
the measured spectrum shown in Fig. 1(a). The resulting
LZS interference fringes also moved closer to Φi.
Using the dressed states picture, we can readily cap-
ture the underlying physics and provide a quantitative
description of the observed interference patterns. The
Hamiltonian of the microwave-dressed qubit can be writ-
ten as H0 = Hq(t) +Hm +Hq−m. Hq(t) = 12ω10(t)σ
q
z is
the Hamiltonian of the qubit, where σqz is Pauli Z oper-
ator on the qubit and ω10(t) is the energy level spacing
of the bare qubit, which can be controlled in situ by the
triangular pulse. The Hamiltonian of the microwave field
is Hm = ωa
†a, where a† and a are the creation and anni-
hilation operators, respectively. The interaction Hamil-
tonian then is Hq−m = g(a†σ
q
− + aσ
q
+), where g is the
coupling strength between the microwave field and the
qubit, σq− and σ
q
+ are the raising and lowering operators
on the qubit. Truncating H0 in the subspace spanned
by {|1, n〉, |0, n + 1〉}, where |n〉 is the Fock state of the
microwave field, we obtain:
H0 =
(
ω10(t)/2 + nω ΩR/2
ΩR/2 −ω10(t)/2 + (n+ 1)ω
)
, (1)
where ΩR = g
√
n+ 1 is the Rabi frequency. H0 can be
transformed to:
H0 =
(
0 ΩR/2
ΩR/2 δ(t)
)
, (2)
where δ(t) = ω − ω10(t) is the detuning. The cou-
pling between the two microwave dressed states |0, n+1〉
and |1, n〉 is analog to the tunnel splitting between the
|↑〉 and |↓〉 states of a spin in the presence of a weak
transverse magnetic field. The LZS interference occurs
when the triangle pulse sweeps back and forth across
this avoided crossing whose minimum gap is ΩR. When
the microwave power increases, ΩR increases, which sub-
sequently affects the detailed structures but has negli-
gible effect on the positions of the fringes, as shown
in Fig. 2(e). Here the one-dimensional data are ex-
tracted from Fig. 2(a) (ΩRa/2pi = 19.6 MHz, green cir-
cles), 2(b) (ΩRb/2pi = 27.8 MHz, red circles) and 2(c)
(ΩRc/2pi = 41.7 MHz, blue circles) at ΦLZS = 5 mΦ0.
Notice that all parameters used in the numerical simu-
lations, such as Rabi frequencies and relaxation times of
the qubit and TLSs, are obtained directly from experi-
ments so that there is no fitting parameter. The maxi-
mum height of the interference peaks was reached earlier
with the stronger microwave field, because a stronger mi-
crowave field leads to a larger splitting and thereby the
phase difference accumulates at a faster rate. Another in-
teresting phenomenon in Fig. 2(e) is the reversal in the
order of the peak height for different microwave powers
in the three periods of oscillations. They agreed with the
calculated results (color symbols in the inset of Fig. 2(e))
using the LZ transition theory in the PT −η plane, where
PT (η) = 4 exp(−η)(1 − exp(−η)), η ≡ 2pi(ΩRi/2)2/ν,
i = a, b, c and ν denotes the rate of the changing energy
level spacing of the noninteracting levels.
These results indicate that by adjusting the sweep rate
of the triangle pulse, the microwave power and frequency,
one can control the qubit states coherently.
Though the LZS interferometry has been used mostly
to characterize the parameters defining the quantum sys-
tems and their interaction with the environment, recent
work suggests that it has great potential in the coherent
manipulation of quantum states, in particular multipar-
tite quantum states [11, 12]. In this context, the exis-
tence of avoided crossings in the energy diagram of single
qubit or coupled multiple qubits are crucial to producing
the LZS interference. The disadvantage of such intrinsic
avoided crossings is that it is usually difficult to control
the location and the gap size in situ once the qubits are
fabricated. A more fundamental problem is that for cer-
tain types of qubits such as the SPQ, the computational
basis states do not have intrinsic avoided crossings. But
in the LZS interferometry of the microwave dressed states
as discussed above, one can create and/or adjust the po-
sition and gap size of the avoided crossings as one desires.
This method is particularly advantageous in manipulat-
ing the states of multi-qubit systems as discussed below.
Note that in Fig. 2 when the tip of the triangle pulse
reached the center of the qubit-TLS1 avoided crossing
ΦTLS1, another group of interference fringes emerged.
These additional LZS interference fringes, which actually
were similar to those observed in the previous work [11],
were the results of the coupling between the qubit and
TLS1. Taking into account the existence of TLS1, the
Hamiltonian of the entire qubit-TLS-microwave filed sys-
tem becomes H1 = H0 +HT1 +Hq−T1 . The Hamiltonian
of TLS1 is HT1 =
1
2ωT1σ
T1
z , where ωT1 is the energy level
spacing of TLS1 and σT1z is Pauli Z operator on the TLS1.
3The interaction Hamiltonian is Hq−T1 = g1σ
q
x ⊗ σT1x ,
where g1 is the coupling strength between the qubit and
TLS1, σqx and σ
T1
x are Pauli X operators on the qubit
and TLS1, respectively. In the subspace spanned by
{|1g, n〉, |0g, n+ 1〉, |0e, n〉}, H1 can be simplified as:
H1 =
 0 ΩR/2 g1ΩR/2 δ(t) 0
g1 0 δ1(t)
 , (3)
where δ1(t) = ωT1 − ω10(t). To facilitate quantitative
comparisons between the theory and experiment, we av-
eraged over different values of n assuming the microwave
field is in a coherent state [6] characterized by 〈n〉 and
solved the corresponding Bloch equation numerically.
The results agree quantitatively with the experimental
data, as shown in Fig. 2.
Furthermore, the initial state of the qubit could dra-
matically affect the LZS interference of the microwave
dressed states of the SPQ. Of special interest is when the
qubit is initially biased at the point where the microwave
is resonant with ω10, i.e., Φi = Φr. In this case, we set
tmw ≥ tΛ as shown with dotted line in Fig. 1(c) and
found that the difference between them, ti = tmw − tΛ,
affected the interference fringes significantly. We mea-
sured the LZS interference for ti = 0, 7 ns, 13 ns, 19 ns
and 750 ns, corresponding to the 0, pi/2 pulse, pi pulse,
3pi/2 pulse and mixed states in Rabi oscillation with
ω/2pi = 16.345 GHz and the nominal power 13 dBm,
respectively. As shown in Fig. 3(a)-3(e), the interfer-
ence fringes are very sensitive to ti, because different ti
results in different initial states of the qubit at the be-
ginning of the triangle pulse, i.e., different probability
amplitudes of |0〉 and |1〉. The corresponding numeri-
cal results are shown in the insets. It is noticed that
in Fig. 3(a), both ΦLZS ≥ Φi and ΦLZS < Φi are in-
cluded. Thus three microscopic TLSs (TLS1, TLS2, and
TLS3) were involved into the evolution as shown in Fig.
1(a) and Fig. 1(c). The qubit and the three TLSs now
form a tetrapartite quantum system, the Hamiltonian of
which is H2 = H0 +
∑3
i=1
1
2ωTiσ
Ti
z +
∑3
i=1 giσ
q
x ⊗ σTix .
In the subspace spanned by {|1g1g2g3, n〉, |0g1g2g3, n +
1〉, |0e1g2g3, n〉, |0g1e2g3, n〉, |0g1g2e3, n〉}, H2 can be
written as:
H2 =

0 ΩR/2 g1 g2 g3
ΩR/2 δ(t) 0 0 0
g1 0 δ1(t) 0 0
g2 0 0 δ2(t) 0
g3 0 0 0 δ3(t)
 , (4)
where δi(t) = ωTLSi − ω10(t), and gi is the coupling
strength between the qubit and the ith TLS (i=1, 2, 3).
Considering that the simulation is done with no free pa-
rameters, the agreement between the numerical simula-
tion and experimental results presented in Fig. 3 is quite
remarkable. It should be pointed out that the width of
the triangle pulse is much shorter than the decoherence
time. Therefore, the system’s evolution remains coher-
ent. To the best of our knowledge, this is the first demon-
stration of controlling tetrapartite coherent evolution in
a solid-state quantum system.
The overall good agreement not only confirms the va-
lidity of our understanding and treatment of the multi-
partite system interacting with the microwave field, but
further proves that the LZS interferometry of the mi-
crowave dressed states can be a powerful tool for control-
ling multi-partite quantum systems and enhancing the
efficiency and flexibility of the novel approach based on
LZS interferometry [11] to multi-qubit quantum gates.
Compared to the Stark-chirped rapid adiabatic passage
method [26, 27], the quantum gates based on the LZS
interferometry of the microwave dressed states achieve
two significant improvements: (i) The qubit flux bias re-
mains unchanged after the gate operations. This will
significantly simplify the subsequent operations and in-
crease the gate fidelity; (ii) The location and intensity of
the LZS interference can be controlled in situ by adjust-
ing the external parameters. It is thus very promising
for quantum information applications such as the imple-
mentation of much faster multi-qubit quantum gates.
Our experiment has verified that the macroscopic ar-
tificial atom, SPQ, interacts with the microwave field in
the same way as the atoms interact with the light. The
concept of dressed states not only provides an excellent
intuitive picture to understand qualitatively the behavior
of such complicated system but also a theoretical foun-
dation for quantitative simulation and prediction of the
system’s dynamics. It should be emphasized that this
method of coherent state control of multipartite systems
involving the dressed states is not limited to the system
studied here which includes an artificial atom (the phase
qubit) and several unintended microscopic TLSs. In fact,
the method is applicable to ANY quantum systems which
have avoided level crossings resulting from interaction be-
tween the individual constituents and photons. For in-
stance, it can be applied to the coupled quantum dots,
resonator coupled phase qubits, inductively coupled flux
qubits, and nuclear and electron spins interacting with
electromagnetic waves (e.g., lights, microwaves). Thus,
the approach presented in this work can be generalized
readily to other systems interacting with electromagnetic
fields, opening a new route toward the realization of large
scale quantum information processing.
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5FIG. 1: (a) Measured spectroscopy of the SPQ. The inset
shows a general avoided level crossing. The dashed and solid
lines represent the energies of the uncoupled and coupled
states, respectively. (b) Schematic of the qubit circuitry. De-
tailed parameters are described in the previous work [11]. (c)
Schematic of measuring the LZS interference. The avoided
crossings caused by the qubit-TLS interaction are also shown.
FIG. 2: (a, b, c) The LZS interference with ω/2pi = 16.345
GHz. The Rabi frequencies are ΩRa, ΩRb and ΩRc, respec-
tively. The inset is the numerical result using H1. (d) The
LZS interference with ω/2pi = 16.315 GHz and Rabi frequency
30.9 MHz. (e) P1(tΛ) at ΦLZS = 5 mΦ0 with ΩRa (green
dots), ΩRb (red circles) and ΩRc (blue crosses), respectively.
Maxima are marked with color arrows. The insets show the
positions of each maximum with color symbols in PT (η). (f)
One-dimensional experimental data (circles) and numerical
ones (lines) extracted from Fig. 2(a). The positions of TLS
are marked with the dashed lines.
6FIG. 3: Dependence of the LZS interference beween the mi-
crowave dressed states on the initial state of the qubit as char-
acterized by ti (c.f. Fig. 1(c)). (a) ti=0 corresponds to the
initial state Ψi = |0〉. (b) ti=7 ns, for Ψi = (|0〉−i|1〉)/
√
2. (c)
ti=13 ns, for Ψi = |1〉. (d) ti=19 ns, for Ψi = (|0〉+ i|1〉)/
√
2.
(e) ti=750 ns, for the mixed state
1
2
(|0〉〈0|+|1〉〈1|). The insets
are the numerically simulated results, in which the qubit’s re-
laxation and dephasing time is 70 ns and 80 ns, respectively,
and the TLS’s decoherece time is 150 ns. The positions of
TLS are marked with the dashed lines.
